Introduction
Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease globally [1] and is projected to become the main indication for liver transplantation in the US in the coming decade [2] and also an increasing indication for liver transplantation in the Nordic countries [3] . Histologically, NAFLD is divided into two major subgroups, nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH). Approximately 10-20% of patients with NAFLD have NASH, whereas the majority have NAFL [4] . Some patients with NAFLD develop progressive fibrosis, which eventually may progress to cirrhosis. Fibrosis stage correlates well with clinical outcomes and is the strongest predictor for overall and liver-related mortality [5] [6] [7] . NAFL has generally been considered a benign condition, and it has been thought that only patients with NASH have a potential for fibrosis progression and cirrhosis development. However, this dogma has recently been challenged in several studies showing that fibrosis progression indeed can occur also in patients with NAFL [8, 9] .
However, to date, no study has investigated the impact if fibrosis progression per se is associated with an increased risk of future mortality. We aimed to confirm recent findings from other studies, evaluate risk factors for fibrosis progression, and examine if fibrosis progression per se is associated with increased mortality in NAFLD.
Materials and Methods
We retrospectively included all patients with NAFLD who had undergone two or more liver biopsies at the Karolinska University Hospital, Stockholm, Sweden in a cohort study. The methodology for the generation of the cohort and ascertainment of NAFLD has previously been described [5, 10] . Briefly, all liver biopsies performed between 1971 and 2009 with a histopathological finding of steatosis were identified, and the corresponding patient charts were examined to ascertain the NAFLD diagnosis. Furthermore, we used a local database created for financial registration based on ICD 10-codes, to identify additional cases that had undergone liver biopsy between 2009 and 2016. All charts were scrutinized from the earliest record, through the time of biopsies and to the death of the patient or to the end of the follow-up period (April 1st, 2016) to exclude liver diseases other than NAFLD. In total, 2176 patients were found to have evidence of fatty liver, with 510 cases being defined as NAFLD. The reason for the baseline liver biopsy was primarily persistent increased serum levels of ALT/AST or the finding of steatosis on a radiological exam. We excluded patients with a followup biopsy less than one year after the baseline biopsy or with insufficient clinical data. Likewise, we excluded all patients with any concurrent liver disease or evidence of excessive alcohol consumption, defined as more than 30 grams of alcohol per day in men and more than 20 grams in women.
The cohort was stratified on progression or no progression of fibrosis between the two biopsies. Progression of fibrosis was defined as an increase of at least one stage of fibrosis. In patients who underwent more than two biopsies (n = 19), the first and last biopsies were used.
Variables.
Data from the time of the baseline and followup biopsies were collected from patient charts as per Table 1 . Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared. Type 2 diabetes mellitus (T2DM) and hypertension were defined as present if these diagnoses were stated in patient charts or if the patient was using antidiabetic or antihypertensive drugs. After the last biopsy, patients were followed until death of any cause occurred or until the end of the follow-up period (April 1st, 2016). We could ascertain mortality in all 60 patients.
Histological Assessment.
Of the baseline biopsies, 54 were available, and for the follow-up biopsies, 41 were available for reevaluation including scoring of necroinflammatory changes and NASH. Available liver biopsies were reevaluated by two of the researchers (RH and HH), blinded to patient characteristics. The stage of fibrosis and the NAFLD activity score were determined according to Kleiner et al. [11] . The FLIP algorithm was used to define the presence of NASH [12] . For cases where the archival biopsy could not be retrieved, scoring of the fibrosis stage was obtained from the original pathology report, since the interagreement assessment regarding the fibrosis stage between the original report and the follow-up review was high (kappa 0.80). However, in these cases the original scoring of steatosis, lobular inflammation, and ballooning were not included in the analysis of data.
Statistical Analysis.
Descriptive statistics for continuous variables are expressed as median (range), and categorical variables are presented as absolute numbers (percentages). Differences in continuous variables were analyzed using the Mann-Whitney U test and differences in categorical variables with Fisher's exact test. The median rate of fibrosis progression in patients with baseline NASH and NAFL, respectively, was calculated as the increase in fibrosis stages divided by time between biopsies, measured in years. A logistic regression model was used to identify factors at baseline and follow-up associated with progression of fibrosis. In multivariate modeling, we adjusted for a number of a priori defined possible confounders including sex, age, BMI, T2DM at baseline, and time between biopsies. A Cox regression model was used to investigate histological factors at baseline as well as fibrosis progression per se and their association with mortality after the second liver biopsy. These analyses were adjusted for the same confounders as in the logistic regression model.
As NASH might be more important in early stages of fibrosis, we performed sensitivity analyses excluding cases 
Abbreviations: BMI: body mass index; DM2: diabetes mellitus type 2; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase; GT: gamma glutamyltransferase; NAS: nonalcoholic fatty liver disease activity score.
with advanced fibrosis (stages 3-4). All analyses were performed using STATA v 13.0 (StataCorp, College Station, Texas, USA). A two-tailed p value of <0.05 was considered as statistically significant. 
Results

Study Population.
Among the 510 patients with a histological diagnosis of NAFLD at baseline, 82 underwent a second biopsy. Of these, 17 patients were excluded due to missing clinical data from the time of the follow-up biopsy, and five patients were excluded because the second liver biopsy was performed within one year of the first, leaving 60 patients for analysis. A flowchart for patient inclusion is presented in Figure 1 . The main reasons for performing the follow-up biopsy were clinical follow-up of steatosis diagnosed at the first biopsy (n = 28), persistent high levels of ALT/AST (n = 15), while other causes included suspected cirrhosis on ultrasound, staging of fibrosis, or ruling out other suspected diseases (n = 17). The cohort was followed from the index biopsy to the death of the patient or until the end of the study period for a median time of 24.8 years (range 7.5-41.2). The median total follow-up time was similar in patients with (24.8 years) and without (25.3 years) fibrosis progression (p = 0 85).
Cohort Characteristics.
Clinical, histological, and laboratory features of the cohort are summarized in Table 1 . The median age of the cohort at baseline was 46 years (range 19-70 years). There were 62% male participants, and 17% had T2DM. Among the 54 patients with baseline biopsies available for reevaluation, 48% (n = 26) had NAS between 1 and 4 and 52% (n = 28) had NAS between 5 and 8. The median baseline NAS score was 5 (range 1-8), and NASH was present in 33 (61%) of patients.
Fibrosis staging at the baseline biopsy disclosed stage 0 in 15 (25.0%), stage 1 in 22 (36.7%), stage 2 in 14 (23.3%), stage 3 in 6 (10.0%), and stage 4 in 3 (5.0%) patients.
3.3. Histological Evolution of NAFLD during Follow-Up. The median follow-up interval between the first and second liver biopsies was 8.4 years (range 1-34 years). Twenty-seven patients (45%) had liver biopsies more than ten years apart. A total of 26 (43%) patients had fibrosis progression while 34 (57%) patients had stable or regression of fibrosis. Time between the index and the follow-up biopsy was significantly longer in the group with fibrosis progression (median 16.2 versus 5.5 years, p = 0 01). Differences at baseline and at follow-up between patients with and without fibrosis progression are presented in Table 2 .
The distribution of fibrosis stages at the baseline and follow-up biopsies is shown in Table 3 . Thirteen patients progressed by one stage, ten patients by two stages, two patients by three stages, and one patient progressed by four stages. At follow-up liver biopsy, 21 patients had advanced fibrosis of which 9 had stage 3 and 12 had stage 4 (cirrhosis).
Among the 41 patients with both baseline and follow-up biopsies available for scoring of steatosis, lobular inflammation and ballooning, 23 (62.1%) had NASH at baseline and 18 (48.7%) at follow-up. Of the 23 patients with baseline NASH, 10 (43.5%) experienced resolution of NASH, while 13 (56.5%) had NASH also at follow-up. Of the 14 patients The presence of NASH at baseline was not associated with fibrosis progression in the multivariate logistic regression analysis (aOR 1.04, 95% CI 0.30-3.64, p = 0 96) (Table 4(a)). We found no parameter at baseline or followup that predicted fibrosis progression including NAS, baseline fibrosis stage, age, sex, BMI, T2DM, hypertension, or biochemical parameters (data not shown). As predicted, time between biopsies was significantly associated with fibrosis progression (aOR 1.08 for each year between biopsies, 95% CI 1.02-1.14, p = 0 01). Further adjusting the model for time between biopsies did not affect the estimates significantly (aOR for NASH at baseline 1.02, 95% CI 0.97-1.07, p = 0 46). Importantly, both patients with and without fibrosis progression had a similar development of BMI and type 2 diabetes during follow-up (Table 2 ). In patients with fibrosis progression, 9/26 (35%) had a reduction in BMI between the two biopsies while none had resolution of type 2 diabetes. Cases with fibrosis progression are marked in bold.
Differences in Fibrosis Progression between NAFL and NASH.
Among the 26 patients with fibrosis progression on the follow-up biopsy, 24 had biopsies available for baseline biopsy scoring. Of these, 10 (42%) had NAFL and 14 (58%) had NASH at the baseline biopsy. There were no significant differences at baseline concerning steatosis, lobular inflammation, ballooning, NAS, or fibrosis stage between patients with and without fibrosis progression (Table 5) .
3.5. Mortality during Follow-Up. After the follow-up biopsy, patients were followed for a median of 6.7 years (range 0.1-34.0). During this time, 21 patients (35%) died, eight (25%) in the group without fibrosis progression and thirteen (50%) in the group with fibrosis progression (p = 0 05).
In the Cox regression model, only fibrosis progression was borderline associated with mortality (aHR 2.83, 95% CI 1.00-8.05, p = 0 051), while neither presence of NASH nor a high NAS (5-8) at baseline or follow-up showed any trend to an association with increased mortality (Table 4(b) ).
Sensitivity Analysis.
No association between baseline NASH and fibrosis progression or mortality was found when excluding cases with fibrosis stages 3-4 from the analysis (data not shown).
Discussion
In this retrospective cohort study of 60 NAFLD patients with sequential liver biopsies, a similar proportion of patients with NAFL and NASH had evidence of fibrosis progression. Thus, we confirm similar findings from other groups, which together strengthen the hypothesis that fibrosis progression NASH (number of patients, %) 10/24 42% 9/17 53% 0.54 * 54 biopsies were available for scoring of NASH at baseline and 41 at follow-up. Abbreviations: NAS: NAFLD activity score; NASH: nonalcoholic steatohepatitis; SD: standard deviation. also can occur in NAFLD patients without steatohepatitis at an initial baseline liver biopsy.
In addition, we found a trend towards increased mortality in patients with fibrosis progression, irrespective if NASH was present or not in the baseline liver biopsy and after adjustment for confounders. This finding is in line with results from previous studies implying that the fibrosis stage correlates with clinical outcomes and is the strongest predictor for overall and liver-related mortality [5] [6] [7] . However, due to the retrospective nature of this study, a risk of selection bias may be present. Cases with baseline NAFL and progressive fibrosis could have been selected for follow-up due to clinical events and suspicion of fibrosis progression. Nevertheless, it is obvious that some cases with NAFL without steatohepatitis have a risk for fibrosis progression, and future studies are needed to identify risk factors for fibrosis progression in larger cohorts of patients without NASH. Taken our data together with those from other groups [8, [13] [14] [15] , it is clear that progression of liver fibrosis progress can occur in both NAFL and NASH.
The only significant risk factor for progression of fibrosis in the present study was the time between the two biopsies. In contrast, baseline T2DM and BMI were also associated with fibrosis progression in three recent studies with similar design as ours [8, 14, 15] . These studies differed from ours by having a greater proportion of patients with T2DM and also with a higher BMI at baseline. McPherson et al. included 108 patients who underwent two liver biopsies at least one year apart with a median follow-up interval of 6.6 years. In that cohort, T2DM was an independent predictor of fibrosis progression [8] . Forty-two percent of their patients had fibrosis progression, and 43% had advanced fibrosis in the follow-up biopsy. Our cohort had a longer follow-up interval (8.4 years), and 35% had advanced fibrosis on the follow-up biopsy. Since patients in our cohort had lower BMI (26.4 kg/m 2 ) and a lower prevalence of T2DM (17%), our cohort may possibly be more comparable to the general population. The prevalence of diabetes was 5% in the general Swedish population in 2012 [16] , and the prevalence of obesity was 10% in a study from 2006 [17] . Nonetheless, the smaller fraction of patients with T2DM and a relatively low median BMI in our cohort limit our ability to assess the impact of diabetes and obesity on fibrosis progression. Therefore, we cannot exclude the possibility of a type 2 error in this respect.
Strengths and Limitations.
The major strength of this study was the long follow-up duration. The follow-up interval between the first and second liver biopsies is the longest hitherto documented. A long enough follow-up time is essential when studying fibrosis progression in patients with NAFLD, since this is a slow process. In a recent meta-analysis, the rate of fibrosis progression was estimated to one stage per seven years in subjects with NASH and per 14 years in those with NAFL [13] . Furthermore, the access to highly valid outcome data on mortality after the second biopsy, with no missing data, is another strength. Also, the cohort was more comparable to the general population than those of previous studies regarding BMI and the presence of type 2 diabetes. The main indication for the first biopsy was elevated liver transaminases and not suspicion of cirrhosis, reflected by the low percentage of patients (15%) having advanced fibrosis at baseline, which suggests a low selection bias at the first biopsy in our study.
The primary limitation of this study is a possible selection bias at the second biopsy, since cases with progressive fibrosis are probably more likely to undergo repeat examination than cases without. However, liver biopsies were historically performed more frequently compared to today, due to a lack of other modalities. Eighty-three percent of patients in this study were originally investigated before year 2000, thus reducing (but not excluding) the risk of selection bias. Since the biopsies were not planned per a specific protocol, the follow-up interval varies to a wide extent. Longer follow-up intervals may have an overrepresentation of older patients with more severe liver disease. As seen in Table 3 , the proportion of patients with advanced fibrosis (stages 3 and 4) more than doubled from the index to the follow-up biopsy. In the analysis, we therefore accounted for this by adjusting the statistical models for time between biopsies.
Other limitations include the small sample size, the lack of data on NASH at follow-up biopsy in 19 cases, and the absence of genetic status including PNPLA3 polymorphisms due to lack of stored blood samples.
A major limitation of all paired biopsy studies in NAFLD, including ours, is the risk of residual confounding. Such confounding factors could comprise of lifestyle changes, including a change in alcohol consumption or medications during follow-up.
We did have access to data on development of BMI and type 2 diabetes, which were not associated with progression of fibrosis. Indeed, 35% of patients with fibrosis progression had a reduction in BMI during the follow-up period, suggesting that a reduction of BMI per se might not be enough to reduce the risk of fibrosis progression in some patients.
Implications for Clinical Practice and Future Research.
The clinical impact of this study together with the conclusions from previous studies [8, 14, 15] is that progressive fibrosis can occur in both NAFL and NASH. This indicates that patients with steatosis but no inflammation on index liver biopsy should not be routinely excluded from clinical follow-up. The results do not help us to identify significant predictors of fibrosis progression, due to the limited size of the cohort, which thus must be a focus of future studies.
The rate of fibrosis progression was quite slow in this study but comparable to what has been found in a recent meta-analysis [13] , indicating that repeat noninvasive measurements of fibrosis, such as transient elastography, could be performed with relatively long intervals.
Our study also demonstrates a trend towards higher mortality in patients with progressive fibrosis, which may have implications for selecting patients intended for more intense follow-up. This finding has to be confirmed in future studies on larger cohorts with a long enough follow-up time, which also should aim to find predictors for fibrosis progression.
The present study could possibly contribute to future metaanalyses on this topic.
Conclusions
Both NAFL and NASH can lead to progressive fibrosis, with a mean fibrosis progression rate in the present study from 0.11 to 0.15 stages per year. Baseline steatohepatitis was not associated with an increased risk for fibrosis progression. Patients with progressive fibrosis appear to have a higher risk for mortality, regardless if NASH is present or not at baseline. Larger studies are needed to identify which patients with NAFL are at an increased risk for fibrosis progression.
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